cal properties and damage mechanisms is essential. Acoustic emission (AE) technique has proved a useful means to monitor the damage occurred in composites subjected to mechanical loading [6] . To date the mechanical behaviour of 3D C/SiC composites especially the associated damage evolution has not been much investigated. Therefore, in the present work the uniaxial tensile behaviour of the 3D C/SiC composite was investigated and the relevant damage evolution was characterized by means of a realtime AE monitoring. Also the relation of mechanical properties to the microstructural characteristics was discussed.
EXPERIMENTAL 2.1 Composite fabrication
The carbon fibre utilized was T300 (Nippon Toray corporation), and each yarn contained 1000 fibres. The fibre preforms fabricated by a proprietary 3D four-step braiding technique were supplied by Nanjing Institute of Glass Fibre, People's Republic of China. The braiding angle was about 22º and the fibre volume fraction was about 40%. Composite panels were processed by CVI to deposit pyrolytic carbon interphase (thickness about 0.2μm) and sili-con carbide matrix. The as-processed material has a bulk density about 2.1 gcm -3 , and an open porosity inherent to the CVI process is in the range of l0-15 vol% determined by Archimedes' method.
Tension tests and microstructural observation
The dogbone-shaped tension specimens were cut from an as-processed composite panel along axial directions, and then the specimens were sealed with CVD SiC coating (thickness about 50-80μm). The schematic of specimens is shown in Fig.1 . The overall dimensions of tension specimens are 120×12×3.5 mm with a central reduced gauge section of 30×10×3.5 mm. The tensile stress-strain curves were measured using Instron 1196 test machine at a crosshead speed of 0.05mm/min. Strains were recorded with a clip-on extensometer with a gauge length of 25mm. The alignment between the upper and lower grips of the load unit was adjusted using a dummy specimen to allow the bending below 5% under the test loading in accordance with ASTM Standard C 1275-94. Aluminum tabs were attached with epoxy glue at each side of shoulder section of the specimens in order to avoid rupture of the grip parts during testing. Five specimens were tested to ensure the consistency of the testing results for the tensile stress-strain curve.
All the tensile tests performed were monitored by the AE technique. Two sensors (WD, PhysicalAcoustic Corporation) were attached to the specimen in the region of changing cross-section. Vacuum grease was used as a couplant and electrical tape was used to mount the sensors to the sample. The distance between the sensors was about 40 mm. A PCI-2 (PhysicalAcoustic Corporation) AE system was used to analyze and store the signals that were captured by the sensors. The preamplifier gain was set at 40dB and all signals were frequency-filtered so that only frequencies between 20 and 1200 kHz were used for further processing. A threshold of 40dB was used. After storage and before processing, the signals were subjected to a linear location procedure to determine the location of the AE signal sources. In the analysis of the AE results, only events occurred in the gauge section were used. The polished surfaces of as-received specimens and fracture surfaces of tested specimens were examined by optical microscopy (OM, OLYMPUS PM-T3) and scanning electron microscope (SEM, Hitachi S-2700), respectively.
RESULTS AND DISCUSSION

Fibre architecture
The macro-mechanical performance of the composites is primarily dependent on their final fibre architecture, so adequate control over their final architecture is of prime importance. The typical 3D view of the as-received specimens is shown in Fig.2 . It is seen that the large matrix cavities regularly distributed on the surfaces of specimens due to the braiding characteristics. The polished sections normal to the axial direction and inclined 45º to the axial direction of specimens are shown in Fig.3 . It can be clearly seen that the existence of large inter-bundle pores inherited from 3D preforms which can not be completely filled by the following CVI infiltration. However, SiC matrix has been deposited on the bundles' surface more uniformly, leading to a SiC shell with thickness of about 30μm. Moreover, from the longitudinal cross-sections the bundle paths inside the specimens seem to be straight, which is in agreement with the observations elsewhere [7] . Based on the braiding characteristics, a solid model of 2×2 braiding which was an approximate description of the fibre architecture was generated by using the Solid works 2007 software and shown in Fig.4 . Such a model would facilitate the stress analysis or mechanism-based model by finite element method in further studies.
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Fig.2:
The typical 3D view of the as-received specimens 
Tension test results
For all the specimens from the same panel of material, the stress-strain curves are very consistent, i.e., little scatter from specimen to specimen. The typical tensile stress-strain curve and the associated cumulative AE energy are shown in Fig.5 . Also, the AE activity is very consistent and occurs over a range of stress (strain). It can be seen that the curve exhibited mostly nonlinear behaviour. The curve can be generally divided into four following regions: a very small initial linear region (below 40-50MPa) followed by a large nonlinear region (below 150MPa) and a quasi-linear region (below 250MPa) and finally a second nonlinear region up to failure (average failure stress of about 320MPa). Accordingly, at stress below about 20MPa, there is a little initial stage of no records of AE activities and the corresponding stress-strain curve is almost linear, indicating no or little damage occurred in specimens that can not be detected in the present study. From this point on, the cumulative AE energy initiates. The initial slow increase in cumulative AE energy corresponds to the propagation of processing-induced matrix cracks [8] . However, it seems that these initial damages have little effect on the stressstrain behaviour of specimens in that the deviation from macroscopic stress-strain linearity can not be detected until the applied stress exceeds 50MPa. Thereafter, the cumulative AE energy began to increase rapidly until 150MPa, which corresponds to the largely nonlinear stress-strain behaviour. The sudden increase in AE activity is due to high-energy events that are associated with large bridged matrix cracks perpendicular to loading direction and the ensuing interface debonding/sliding [8, 9] . And then the AE energy tends to be stable and the corresponding stress-strain behaviour is quasi-linear, indicating that multiple matrix cracking has reached saturation and the entire load was exclusively carried by the intact warp bundles. The final nonlinear stage with continuously decreasing tangent modulus corresponds to the break of the load-bearing carbon fibres. Thus the good correspondence between AE activities and stress-strain behaviour shows that AE is a good measure of the damage evolution for the present composite. In other words, the relative amount of cumulative AE energy is nearly directly related to the relative number of matrix cracks formed.
Microstructural observations
The fracture surface for tension specimens is shown in Fig.6 . It can be seen that the bundles were fractured raggedly, with the fibres exhibiting multi-step fracture and extensive pullout. This reflects the desirable fibre/matrix bonding in the present composites due to the pyrocarbon interfacial phases.
Observations (Fig.7) on the longitudinal polished edges reveal that multiple matrix cracks normal to the loading direction were regularly spaced within the SiC shell along the bundles. Most of microcracks originated from the large inter-bundle pores or near the bundle crossovers due to the large stress concen- The composite properties are markedly influenced by the interfacial properties. They can act as a mechanical fuse, i.e. to deflect the matrix microcracks and maintain a good load transfer between the fibres and the matrix [10] . The interface of the tested specimen is shown in Fig.9 . It can be seen that the multilayer Pyrocarbon interphase has been separated from the SiC matrix greatly, indicating the matrix microcracks can be well deflected along the interface. Therefore, the present composite exhibited non-brittle fracture characteristics with extensive fibre pullout.
CONCLUSIONS
1. The tensile tests were conducted on a 3D C/SiC composite and the associated damage evolution was monitored by means of AE technique. The tensile stress-strain curves can be generally divided into four regions: a very small initial linear region, a large nonlinear region, a quasi-linear region and finally a second small nonlinear region. All the stressstrain stages agree well with the AE characteristics, suggesting the AE technique is a suitable method to characterize the damage development in the present composite.
2. Microstructural observations on the as-received specimens reveal the existence of the superficial matrix cavities and inner inter-bundle pores due to the 3D braiding fibre architecture. Observations on the failed specimens revealed that the fracture surfaces were very ragged, with the fibres showing multi-step fracture and extensive pullout, as well as interface debonding.
